145 [20] [21] [22] . The expression patterns and functional character-146 istics of the class II KNOX genes also show a wide range of 147 diversity. For example, previous studies have shown that 148 KNAT3, KNAT4, and KNAT5 exhibit cell-type-specific ex-149 pression patterns during the regulation of root development 150 in Arabidopsis [23] . AtKNAT7 and its homologous Poptr-151 KNAT7 negatively regulate SCW formation in Arabidopsis 152 and Populus, respectively [24] . AtKNAT7 also can form a 153 functional complex with MYB75 to modulate SCW depos-154 ition in both stems and seed coats [25] . KNATM, the only 155 class III KNOX member, is involved in the regulation of 156 leaf polarity, leaf shape and compound leaf development 157 [26] . In Arabidopsis, all the 13 BEL1-like family members 158 can form heterodimers with KNOX proteins [27] . The 159 BEL1-like homeodomain (BLH) proteins are critical for 160 meristem and floral development, and their functions are 161 always overlapping and redundant. For example, AtBLH1 162 controls the switch between synergistic cells and oocytes in 163 the embryo sac [28] . The loss of AtBEL1 gene function 164 hinders the development of integuments [29] . SAW1 165 (BLH2) and SAW2 (BLH4) negatively regulated BREVIPE-166 DICELLUS (BP/KNAT1), and saw1saw2 double mutant 167 leaves grew serrated and revolute, but they were positive 168 regulators of growth [27] . AtBLH6 and AtKNAT7 interact 169 and regulate SCW formation via repression of REVOLUTA 170 [30] . Arabidopsis thaliana HOMEOBOX 1 (ATH1), 171 PENNYWISE (PNY/BLH8), and POUNDFOOLISH (PNF/ 172 BLH9) play important roles in regulating the development 173 of the shoot apical meristem and inflorescence architecture 174 [31] [32] [33] . In crops, GmBLH4 might heterodimerize with 175 GmSBH1 to form functional complexes and function in 176 modulating plant growth and development as well as in re-177 sponse to high temperature and humidity stress in soybean 178 [34] . Overexpression of OsBLH6 and OsSND1 leads to 179 ectopic deposition of lignin and cellulose, and OsBLH6 may 180 function as SCW-associated TFs by enhancing the tran-181 scription of cell wall biosynthesis genes in rice [35] . In sum-182 mary, TALE superfamily genes tend to exhibit functional 183 conservatism in both crop and model plant Arabidopsis. 184 A few gene function studies of cotton TALE members 185 have been reported in recent years: GhKNL1, a homolog 186 of AtKNAT7 and encoding a class II KNOX protein, was 187 reported to participate in regulating fiber SCW develop-188 ment of cotton [36] , and GhFSN1, a homolog of AtNST1, 189 was reported to function as an upstream regulator of 190 GhKNL1 to facilitate cotton fiber SCW deposition [37] . 191 Despite these studies, our understanding of the TALE 192 superfamily members in cotton is still very limited, and the 193 role and position of TALE superfamily members in the 194 cotton fiber SCW biosynthesis regulatory network is almost 195 unknown. If any other KNOX members are involved in the 196 regulation of the cotton fiber SCW biosynthesis and as the 197 partner of the KNOX family proteins, the number and 198 identity of BEL1-like family members participating in the 252 (DD genome), we used the Arabidopsis TALE protein 253 sequences to match the four reference genomes to 254 screen candidate TALE-like proteins in cotton. After a 255 strict two-step selection process, 46 deduced TALE 256 superfamily genes were identified in G. arboreum, along 257 with 47 in G. raimondii, 88 in G. barbadense and 94 in 258 G. hirsutum, based on gene homology, and all of the 259 TALE superfamily members can be clearly divided into 260 two groups, the BEL1-like family and KNOX family 261 (Fig.   F1 1a,c). Among the genes of the four Gossypium 262 species, 24, 25, 46 and 50 genes belong to the BEL1-like 263 family and 22, 22, 42 and 44 members belong to the 264 KNOX family, respectively. It is noteworthy that com-265 pared with A. thaliana, there were no members in Gos-266 sypium species homologous to BLH3, BLH10 and 267 KNAT5 ( Fig. 1c , Additional file 4: Table S1 ).
268
We also explored the molecular evolutionary proper-269 ties of TALE genes in all four Gossypium species. Table S2 ). The results suggested that purifying selection 283 of most TALE genes in both diploid and allotetraploid 284 cotton species occurred, and the fact that the Ka/Ks ra-285 tios of some pairs of genes are greater than 1 suggest 286 that these genes may have played a key role in the evolu-287 tion of allotetraploid G. hirsutum and G. barbadense.
288
Furthermore, the average Ka/Ks values were higher in 289 intragenomic comparisons than in the intergenomic 290 comparisons, and the KNOX family had higher average 291 Ka/Ks values than the BEL1-like family in upland cotton; 292 however, the opposite was observed in G. barbadense 293 ( Fig. 1b) , which may imply that evolutionary selection 294 for the two families differed between these two cotton 295 species. ana. The phylogenetic tree clearly showed that the 305 TALE superfamily genes were clustered into two families 306 (BEL1-like and KNOX family), so we constructed an 307 unrooted phylogenetic tree for BEL1-like family genes 308 and KNOX family genes seperately to better understand f1:1 Fig. 1 Phylogenetic and evolutionary analysis of TALE superfamily genes in four Gossypium species and Arabidopsis thaliana. a Phylogenetic f1:2 analysis of these genes in four Gossypium species. b The ratio of nonsynonymous to synonymous substitutions (Ka/Ks) of TALE genes in G. f1:3 hirsutum (AD1, AtDt), G. barbadense (AD2, AtDt), G. raimondii (D5), and G. arboreum (A2). c Number of TALE genes in the four Gossypium species f1:4 and A. thaliana. A phylogenetic tree was constructed by MEGA 6.0 software using the neighbor-joining (NJ) method f1:5 2a, b). Based on the 310 classification of A. thaliana TALE superfamily (BEL1-like 311 and KNOX family) proteins, the Gossypium BEL1-like 312 proteins were classified into 5 subfamilies (tuberization 313 and root growth, leaf morphology, OFP (ovate family pro-314 tein) partners, meristem function and ovule morphology) 315 (Fig. 2a ), and the KNOX proteins were divided into 3 sub-316 families (class I, class II and class III) ( Fig. 2b) [17, 45] .
296

Phylogenetic analysis and classification of TALE
317
The progenitors of G. arboreum (A2) and G. raimondii 318 (D5) are the putative donors of the At and Dt subge-319 nomes to the world-wide fiber-producing cotton species 320 G. hirsutum, which is allotetraploid. Our phylogenetic 321 results also supported the above finding, with orthologs 322 from A (A2, At) genomes or D (D5, Dt) genomes exhi-323 biting closer phylogenetic relationships than reciprocal 324 comparisons between A (A2, At) and D (D5, Dt) ge-325 nomes. Furthermore, some TALE homologous genes 326 were missing in some Gossypium species, such as the ho-327 mologs of GhBLH7-A06, GhBLH8-A03 and GhBEL1-A12 328 which were absent in the At subgenome of G. barbadense, 329 but GhBLH6-A12 had two homologs. Additionally, class III 330 KNOX member KNATM homologs are present in both the 331 At and Dt subgenomes of allotetraploid cottons and the 332 diploid G. raimondii genome, which might be a gene lost in 333 the A genome donor, G. arboreum (Additional file 4: Table  334 S1 ). In addition to the deletion or replication of individual Ga, Gossypium arboreum; Gr, Gossypium raimondii; Gh, Gossypium hirsutum; Gb, Gossypium barbadense; At, Arabidopsis thaliana. The phylogenetic f2:5 tree was constructed by MEGA 6.0 software using the neighbor-joining (NJ) method f2:6 360 D10, which have 3 exons; and GhBEL1-D03 and 361 GhBLH6-D02, which have different numbers of exons 362 with their At subgenome homologs, which contain 5 363 and 7 exons, respectively (Fig. 3b ). In comparison, the 364 GhKNOX family mainly comprised 5 exons, and the 365 number of exons ranged from 3 to 6. Specifically, the 366 GhSTM subgroup genes always have 4 exons, which is 367 the same number as the Arabidopsis homologous gene, 368 AtSTM; while the class III KNOX subfamily GhKNATM 369 genes have 3 exons, which are different from their Ara-370 bidopsis homologous gene, AtKNATM (Additional file 1: 371 Figure S1b ). These results reveal that gene structures 372 generally exhibited a highly conserved distribution of 373 exons and introns within the same phylogenetic subfam-374 ily or subgroup in upland cotton.
375
In general, both BEL1-like and KNOX proteins con- GhBLH8-A/D10 homologous proteins only have a f3:1 Fig. 3 Phylogenetics, gene structure, motif analysis, promoter cis-elements and expression patterns of GhBEL1-like genes. a Phylogenetic f3:2 relationships of BEL1-like members of upland cotton and A. thaliana. The phylogenetic tree (left panel) was constructed with MEGA 6.0 using the f3:3 neighbor-joining (NJ) method with 1000 bootstrap replicates. b Gene structure analysis of GhBEL1-like and AtBEL1-like genes. Gene structure f3:4 maps were drawn with the Gene Structure Display Server 2.0. The scale bar is shown at the bottom. c Motif analysis of GhBEL1-like and AtBEL1-f3:5 like proteins. All motifs were identified by MEME software (http://meme-suite.org/). The lengths of each motif are shown proportionally. d Cis-f3:6 element analysis of GhBEL1-like gene promoters. The cis-elements were identified by PlantCARE software for the 1.5 kb upstream from the start f3:7 codon of GhBEL1-like genes. e The expression patterns of GhBEL1-like genes in various tissues: root, stem, leaf, tours, ovules (− 3 to 3 DPA) and f3:8 fibers (5 to 25 DPA). The FPKM values of TM-1 RNA-Seq data were used to construct the heatmap f3:9 390 shorter POX domain and lacked the homeobox domain 391 (Fig. 3c ). Meanwhile, the GhKNOX proteins ranged 392 from 161 (GhKNATM-A/D12 homologs) to 681 393 (GhKNAT3-A13) aa, with an average length of 495 aa. 394 The class III KNOX KNATM protein has no homeodo-395 main, which is the same arrangement as its Arabidopsis 396 homolog. All GhKNOX members contain the KNOX1 397 and KNOX2 (MEINOX) domain conservatively, but 398 some proteins deleted from other domains, such as 399 GhKNAT2-A08 and GhKNAT6-D05 were missing the 400 homeobox domain, and GhKNAT4-A06 was missing 401 both the ELK and homeobox domains. Interestingly, 402 GhKNAT7-A/D12 homologs have one ELK domain 403 more than their paralogous genes GhKNAT7-A/D03 404 and GhKNAT7-A/D08, which may lead to the differenti-405 ation of functions in the subgroups (Additional file 1: 406 Figure S1c ).
407 Cis-element analysis and expression patterns of GhTALE 408 transcription factors 409 Transcriptional control is an important method of regu-410 lating gene expression, and cis-acting elements play a 411 key role in this process. Among the cis-elements identi-412 fied, we mainly chose phytohormone-related elements, 413 transcription factor binding sites and those involved in 414 abiotic stress responses for analysis. A total of 25 types 415 of putative candidate cis-elements were present in the 416 promoters of GhTALEs (Fig. 3d , Additional file 1: Figure 417 S1d), and gibberellin (GA)-and salicylic acid (SA)-re-418 lated elements (P-box, TATC-box, GARE-motif and 419 TCA-element), MYB transcription factor binding sites 420 (MBSI, MBSII and MBS) and as-2-box elements were 421 the most abundant of the three selected types of cis-422 acting elements (Additional file 2: Figure S2a ). This 423 result suggests the important roles of GhTALE genes in 424 biological processes as well as in responses to phytohor-425 mones and abiotic stresses in cotton.
426
Notably, cis-elements involved in hormone responsive-427 ness were distributed in almost all GhTALE gene pro-428 moters, which shows that the TALE genes may be 429 involved in many processes of cotton growth and devel-430 opment, similarly to their roles in Arabidopsis. Specific-431 ally, the numbers and locations of the hormone-related 432 cis-elements showed great variance among different 433 GhTALE genes. For example, only one type of IAA-434 related cis-element (TGA-element) was present in the 435 GhKNAT1-A02 promoter, but cis-elements related to all 436 five hormones (abscisic acid (ABA), indole-3-acetic acid 437 (IAA), GA, SA and jasmonate (JA)) were present in the 438 promoter of GhKNAT7-A12. There were no ABA-439 related cis-elements in the GhKNAT1 and GhKNAT3 440 subgroup promoters. Furthermore, the distribution of 441 the phytohormone-related cis-elements varied even in 442 the promoters of the GhBEL1-like or GhKNOX genes 443 clustered in the same subgroup, which is in sharp con- 708 role for MYB transcription factors in regulating TALE 709 gene expression. Accordingly, PlantPAN 2.0 was used 710 as a database for scanning of potential GhMYB46 and 711 GhKNAT7 recognition sites in the predicted promoters 712 of GhTALE family genes and the structural genes of 713 the lignin and cellulose biosynthesis pathways [53] . We 714 found that GhMYB46 and GhKNAT7 binding sites are 715 present in predictive promoters of both numerous 716 GhTALE members and lignin and cellulose biosynthesis 717 pathway genes (Additional file 9: Table S6 ). For instance, Moreover, the promoters of many GhBEL1-like genes 724 (including GhBEL1, GhBLH1, GhBLH2, GhBLH5 and 725 GhBLH6 subgroup genes) and several GhKNAT7 f7:1 Fig. 7 The interaction between GhKNAT7 and selected GhBEL1-like members and the regulation relationship of TALE heterodimers. a Yeast two-f7:2 hybrid assay (Y2H). DDO, yeast medium lacking leucine and tryptophan. QDO, yeast medium lacking leucine, tryptophan, histidine and adenine. f7:3 3-AT, 3-amino-1,2,4-triazole. b Putative TFBSs for GhMYB46 (M46-B1 and M46-B2) and GhKNAT7 (K7-B1 and K7-B2). c Expression heatmap of f7:4
GhMYB46 homologs. d The selected GhMYB46 and GhKNAT7 TFBSs sequences on most predicted promoters of the GhTALE members and lignin f7:5 and cellulose biosynthesis genes. e Yeast one-hybrid assay (Y1H). DDO, yeast medium lacking leucine and tryptophan. TDO, yeast medium lacking f7:6 leucine, tryptophan, and histidine. 3-AT, 3-amino-1,2,4-triazole f7:7 726 homologs (including GhKNAT7-D03 and GhKNAT7-727 D12) also contained GhKNAT7-binding sites, which 728 hinted that there may be a much feedback regulation 729 between TALE TFs in addition to the interaction. 730 831 trichome initiation and elongation of dicotyledons are 832 well understood, but the cotton fiber SCW contains a 833 high content and purity of cellulose, which is different 834 from the SCW of all Arabidopsis cell types; these latter 835 cell types contain a certain proportion of cellulose, 836 hemicellulose, lignin and pectin, meaning that it is diffi-837 cult to mechanically apply the model plant (A. thaliana) 838 model of SCW biosynthesis regulation to understand the 839 regulatory network of biosynthesizing the cotton fiber 840 SCW. Due to the conservation of TALE protein and nu-841 cleotide sequences, the TALE proteins should be func-842 tionally conserved in identifying downstream DNA 843 sequences even in different species. On the other hand, 844 as lignin has a certain content in the cotton fiber PCW 845 but almost none in the fiber SCW, the inhibitory effect 846 of TALE proteins on lignin synthesis maintains a low-847 lignin environment to promote the formation of the 848 SCW in cotton fiber. This interpretation reasonably ex-849 plains the dominant repression of GhKNL1 making fi-850 bers shorter and SCWs thinner in previous studies [36] .
851
The published transcriptome data showed that many 852 of the GhTALE genes in upland cotton were expressed 853 at significantly high levels in specific tissues and organs, 854 including class I KNOX KNAT1 subgroup homologs in 855 leaves, class II KNOX KNAT7 subgroup homologs in 856 stems and thickening fibers and the BEL1-like member 857 BLH4 in stems and thickening fibers, suggesting that 858 GhTALE genes may play an important role in leaf, stem 859 and fiber development, similar to their homologs in A. 860 thaliana (Fig. 4a) . The candidate SCW-related GhTALE 861 genes exhibited varied levels of expression in the thick-862 ening period fiber of accessions with differences in FS, 863 which provided proof that GhTALE proteins participate 864 in the regulation of cotton fiber SCW biosynthesis. In 865 summary, the function of TALE proteins may be con-866 served in different species, but the regulatory mecha-867 nisms of cotton SCW biosynthesis often have the species 868 specificity for Gossypium and even tissue specificity for 869 cotton fiber cells. 870 TALE proteins may simultaneously participate in the 871 regulation of Verticillium wilt resistance and cell wall 872 biosynthesis 873 Lignin is synthesized by oxidative coupling of three 874 monolignols, p-hydroxyphenyl (H), guaiacyl (G), and syr-875 ingyl (S) monomers. The proportion of these three main 876 units in the cell wall varies according to plant species 877 and tissue types. Plants enhance cell walls by altering 878 monomer composition and cross-linking, thus adopting 879 effective mechanisms to restrict the spread of pathogens 880 in vascular structures. Xu et al. (2011) identified the cen-881 tral role of lignin metabolism in cotton resistance to 882 Verticillium dahliae [59] . In accordance with these re-883 ports, it was suggested that increased lignification and 884 cross-linking of resistant cotton stems help them to re-885 strict pathogen growth in the vasculature. As TALE pro-886 teins play a significant role in the regulation of lignin 887 biosynthesis, especially in cotton stem vascular tissues, we 888 speculate that the TALE family genes also play a role in 889 the regulation of Verticillium wilt resistance in cotton.
890
In addition, to determine whether these GhTALE Table S4 ).
899
Interestingly, many VW QTLs clearly share the same 900 regions (QTL clusters) with SCW-related QTLs, and the 901 vascular cell wall structure being associated with pathogen 902 resistance indicates that some genes are bridges or com-903 mon factors of these regulatory pathways. GhKNAT7-A12 904 was in a QTL cluster region for both VW and FS QTLs 905 ( Fig. 4a-b ). As previously reported, GhPFN2, a fiber- . The present study shows that the TALE proteins 938 exhibit some conserved and some different heteromeric 939 interactions in cotton compared with Arabidopsis, and 940 some new regulatory mechanisms may be present in 941 the TALE family in cotton. Further studies should be 942 conducted to determine the complete network of 943 interactions.
944
In the early stages of plant evolution, the BEL1-like 945 and KNOX families proteins have split [63] . In Arabi-946 dopsis, several AtOFPs interact with members of both 947 TALE families as regulators or cofactors supports the 948 conserved functional connection [64] . A conserved do-949 main at the C-terminal of the AtOFP proteins has been 950 identified to mediate the interaction with the homeodo-951 mains of both TALE families proteins [51] . Previously 952 study also showed that the metazoan protein homeodo-953 mains involved in both DNA-binding and protein-954 protein interactions [65] . Evolutionary conservation of 955 BEL1-like and KNOX protein interactions with OFPs to 956 regulate SCW biosynthesis is corroborated in various 957 species; for example, AtOFP1 and AtOFP4 can enhance 958 the repression activity of AtBLH6 by physically interact-959 ing with AtBLH6 and AtKNAT7 to form a putative mul-960 tiprotein transcription regulatory complex regulating 961 SCW formation in A. thaliana [66] . In addition, 962 GhKNL1 (also named GhKNAT7-A/D08 in this work), a 963 homeodomain protein in cotton (G. hirsutum), is prefer-964 entially expressed during SCW biosynthesis in develop-965 ing fibers, and Y2H assays showed that GhKNL1 can 966 interact with GhOFP4 as well as with its Arabidopsis ho-967 mologs AtOFP4 [36] . In rice, OsOFP2 was expressed in 968 plant vasculature and could interact with putative vascu-969 lar development KNOX and BEL1-like proteins, so it is 970 likely that OsOFP2 modulates KNOX-BELL function to 971 control diverse aspects of development, including vascu-972 lar development [67] .
973
In summary, the heteromeric KNAT7-BLH and KNAT7-974 MYB interactions and the trimeric KNAT7-BLH-OFP 975 interaction have been identified to regulate SCW biosyn-976 thesis in different species. The functional conservation of 977 these interaction models will help us explore the complex 978 regulatory network of cotton fiber secondary wall formation 979 more deeply. 980 A model for TALE protein involvement in the regulation 981 of cotton growth and development 982 Fiber strength is a key trait that determines fiber quality 983 in cotton, and it is closely related to SCW biosynthesis. 984 A better understanding of the transcriptional regulatory 985 network of cotton fiber SCW can help us understand 986 the mechanism underlying FS formation. In the present 987 study, combined with previous discoveries, we produced 988 a model network of the TALE family involved in regulat-989 ing SCW biosynthesis. The findings suggest that GhTALE GhTALE genes that may be involved in fiber SCW 
